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Executive Summary
Land surface albedo, or the ratio of the radiant flux 
reflected from the Earth’s surface to the incident flux, 
is a key forcing parameter controlling the planetary 
radiative energy budget and partitioning of radiative 
energy between the atmospheric and surface. Albedo 
varies in space and time as a result of both natural 
processes (e.g. solar illumination, snowfall and 
vegetation growth) and human activities (e.g. clearing 
and planting forests, sowing and harvesting crops, 
burning rangeland) (GCOS 2004) and is a sensitive 
indicator of environmental vulnerability. Since albedo 
depends on both the unique anisotropy of the surface 
(related to the intrinsic composition and structure of 
the land cover) and the atmospheric condition at any 
given time, field tower measurements support local 
and regional determination of surface albedo while 
remote sensing offers the only viable method of 
measuring and monitoring the global heterogeneity 
of albedo and reflectance anisotropy (GCOS 2004).

Broadband surface albedo is generally defined as 
the instantaneous ratio of surface-reflected radiation 
flux to incident radiation flux over the shortwave 
spectral domain (dimensionless). It can be defined for 
broad spectral regions or for spectral bands of finite 
width. Albedo measures include black-sky albedo (or 
directional hemispherical reflectance, DHR) defined 
in the absence of a diffuse irradiance component 
(no atmospheric scattering), wholly diffuse white-
sky albedo (or bihemispherical albedo, BHR, under 
isotropic illumination), and actual or blue-sky albedo 
(BHR under ambient conditions). GCOS (2004) has 
specified black-sky albedo as the product required for 
climate change purposes. Since the DHR is a function 
of the solar zenith angle, it is usually computed for a 
specific time (e.g. local solar noon).

Direct solar radiation (total or spectral) at the 
surface is measured by means of pyrheliometers, 
the receiving surfaces of which are arranged to be 

normal to the solar direction. Pyranometers are used 
to measure global radiation (direct plus diffuse) or 
diffuse only radiation in the spectral range from 
0.3 to 3.0 micrometres (WMO 2006). The WMO 
guidelines are used by the Baseline Surface Radiation 
Network (BSRN), which has been established to 
provide continuous, long-term tower measurements 
of surface radiation fluxes adhering to the highest 
achievable standards of measurement procedures 
(McArthur, 2005). The BSRN data, archived at World 
Radiation Monitoring Center at the Alfred Wegener 
Institute, Bremerhaven, Germany, is now recognized 
as the GCOS baseline network for surface radiation 
(GCOS 2004). These BSRN sites provide the high-
quality measurements of surface radiation required, 
but the network global coverage is insufficient for 
widespread validation of remotely sensed products 
and needs to be expanded and adequately supported 
(GCOS, 2004a).

In addition to the BRSN, other terrestrial networks 
contain tower sites that could provide the necessary 
infrastructure (e.g. human maintenance, instrument 
availability, site accessibility, and power needs) to 
measure radiation variables for albedo calculations; 
the challenges in these cases are to encourage the use 
of best practice measurement, calibration and archive 
protocols, and provide timely access. Guidelines for 
data collection protocols and standardization across 
the flux networks are currently being developed under 
the auspices of the Terrestrial Carbon Observation 
(TCO) effort. However, many such flux and ecological 
networks are part of national research programmes 
without guaranteed adequate long-term funding.

To estimate remotely sensed albedo, reflectance 
measurements must be interpreted with the help of 
radiation transfer models that can help retrieve the 
desired variables from the actual observations (GCOS 
2006). Most satellite algorithms rely on multiple 
cloud-free directional satellite observations to first 
determine a bi-directional reflectance distribution 
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function (BRDF) model of the surface. The model is 
then angularly integrated to determine the reflected 
shortwave flux. Because most sensors do not collect 
multiple observations of a target in a single pass, data 
from multiple orbits or acquisition times may be used, 
and the varying atmospheric and irradiance effects 
then need to be reconciled. 

GCOS (2006) suggested that albedo product 
requirements may be met through a combination 
of satellite sensors, both geostationary (with wide 
coverage and good temporal resolution) and polar 
orbiting (with uniform coverage of the globe, 
important especially for polar regions). Because of 
the differences in sensors and observation conditions 
(orbit geometry, season, geographic region, land cover 
characteristics), albedo product generation procedures 
tend to differ depending on the specific product, the 
data source, and the producing organization. For 
climate change purposes, long time series of products 
are especially important, and this inevitably imposes 
the necessity for consistency among products from 
satellite missions flown at different times. 

The validation of satellite-derived products for 
heterogeneous land surfaces poses special challenges 
because of the need to obtain estimates of “true” 
instantaneous albedo to be compared with satellite-
derived values. Various upscaling methods have been 
utilized, ranging from the use of in situ measurements 
to the use of higher resolution satellite data and 
models. Such validation exercises and rigorous 
satellite product intercomparisons are facilitated 
by the various space agencies and the Land Product 
Validation Subgroup of the Committee on Earth 
Observing Satellites/Working Group on Calibration 
and Validation (CEOS/WGCV) to promote consensus 
procedures (GCOS 2004).

Recommendations

Official recognition of the need for long-term, high-
quality, in situ radiation measurements for spectral 
and broadband albedo determination is required so 
that field measurements can be expanded to cover 
a greater diversity of land covers and ecosystems, 
both in existing radiation networks (such as BSRN) 
and in other terrestrial networks with sufficient pre-
existing infrastructure. Such measurements should 
conform to WMO and BSRN guidelines (WMO, 2006; 
McArthur, 2005). The further development, validation 
and intercomparison of satellite-derived albedo and 
reflectance anisotropy products should be vigorously 
pursued to establish the accuracy and consistency of 
these critical geophysical quantities and to guarantee 
the production of similarly high calibre data sets from 
future sensors.  It must be recognized that periodic 
reprocessing of existing archives of remote sensing 
data will be necessary to generate the continuous and 
consistent long-term global climate records required.



t8Assessment of the status of the development of the standards for the Terrestrial Essential Climate Variables

1Albedo and reflectance anisotropy

1. Introduction
Land surface albedo, or the ratio of the radiant flux 
reflected from the Earth’s surface to the incident flux, 
is a key forcing parameter controlling the planetary 
radiative energy budget and the partitioning of 
radiative energy between the atmospheric and 
surface. The energy absorbed at the surface is used to 
drive vegetation processes such as evapotranspiration, 
photosynthesis and carbon assimilation, and govern 
temperature-related processes such as evaporation, 
and snow melt (Pinty, et al., 2008). Thus albedo varies 
in space and time as a result of both natural processes 
(e.g. changes in solar position, snowfall, inundation 
and vegetation growth) and human activities (e.g. 
clearing and planting forests, sowing and harvesting 
crops, burning rangeland) and is a sensitive indicator 
of environmental vulnerability (GCOS, 2004). 
Consequently, long-term surface albedos of the global 
landmass are required by climate, biogeochemical, 
hydrological, and weather forecast models at a range 
of spatial (from a few hundred metres to 30 km) and 
temporal (from daily to monthly) scales.

Albedo depends on both the unique anisotropy 
of the surface (related to the intrinsic composition 
and structure of the land cover) and the atmospheric 
condition at any given time. In situ tower measurements 
support local and regional determination of surface 
albedo while remote sensing offers the only viable 
method of measuring and monitoring the global 
heterogeneity of albedo and reflectance anisotropy 
(Schaaf et al., 2006). 

Long-term, high-quality, calibrated field 
measures of direct and diffuse land surface incident 
and reflected radiation are being collected from 
tower-mounted pyranometers at a limited number 
of sites by the BSRN. The BSRN, with its standardized 
measurement protocols, has already been designated 
by the World Climate Research Programme (WCRP) 
as the global baseline network for surface radiation 

for the Global Climate Observing System (GCOS). 
Additional reflected radiation measurements are 
frequently collected by International Long Term 
Ecological Research (ILTER) sites and regional flux 
tower networks (such as Ameriflux, Asiaflux, Fluxnet-
Canada, CarboEurope, etc.). Guidelines for data 
collection protocols and standardization across the 
flux networks are being developed under the auspices 
of the Terrestrial Carbon Observation (TCO) effort.

Directional satellite observations are currently 
being utilized from a number of instruments e.g. 
MODerate resolution Imaging Spectroradiometer 
(MODIS), Multi-angle Imaging SpectroRadiometer 
(MISR), Clouds and the Earth’s Radiant Energy System 
(CERES), Polarization and Directionality of the Earth’s 
Reflectances (POLDER), Medium Resolution Imaging 
Spectrometer (MERIS), Meteosat, and Meteosat 
Second Generation (MSG) to provide routine regional 
and global operational albedo products at a variety of 
spatial and temporal resolutions. The challenge for the 
remote sensing community is to provide consistent 
high-quality, high resolution, global land albedo data 
sets over a sufficient period of time to constitute stable 
records for the modelling and climate diagnostics 
communities. Data quality assessments, field 
validation exercises, and product intercomparisons 
are routinely carried out by the respective science 
teams and these efforts are endorsed and facilitated 
by the Land Product Validation subgroup of the 
Committee on Earth Observing Satellites/Working 
Group on Calibration and Validation (CEOS/WGCV).
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2. Definition and units 
Broadband surface albedo is generally defined as the 
instantaneous ratio of surface-reflected radiation flux 
to incident radiation flux over the shortwave spectral 
domain (dimensionless). It can be defined for broad 
spectral regions or for spectral bands of finite width. 
Since the scattering of light by land surfaces also 
depends on the direction of incoming radiation and 
the direction of observation, various albedo concepts 
have been introduced: white-sky (bi-hemispherical 
reflectance under isotropic illumination, BHRiso), 
black-sky (directional hemispherical reflectance, DHR 
under direct illumination), blue-sky (bi-hemispherical 
reflectance approximating ambient illumination 
and instantaneous atmospheric conditions, BHR), 
(Schaepman-Strub et al., 2006; Baret et al., 2005; 
Pinty et al., 2005). 

Among the above definitions, GCOS (2004a) 
specified black-sky albedo as the product required for 
climate change purposes. Black-sky albedo is defined 
as albedo in the absence of a diffuse irradiance 
component (no atmospheric scattering). Since the 
DHR is a function of the solar zenith angle, it is usually 
computed for a specific time (such as local solar 
noon). 

Albedo products should be specified with a 
relative accuracy of 5 percent (or 0.005, whichever 
is larger), a horizontal resolution of 1 km, a daily 
observing cycle, and a stability of 1 percent (GCOS, 
2006).

3. Existing measurement 
methods and 
standards
3.1 In situ Observations

Direct solar radiation (total or spectral) at the 
surface is measured by means of pyrheliometers, 
the receiving surfaces of which are arranged 
to be normal to the solar direction. Temporal 
requirements for irradiance and radiant exposure 
range from seconds and minutes (for some energy 
applications) to hourly and daily for forecast, 
modelling, and monitoring needs (WMO, 2006). 
Pyranometers are used to measure global radiation 
(direct plus diffuse) or diffuse only radiation in the 
spectral range from 0.3 to 3.0 micrometres (WMO, 
2006). The WMO guidelines are used by the Baseline 
Surface Radiation Network (BSRN; Ohmura et al., 
1998; McArthur, 2005) to provide continuous, long-
term measurements of surface radiation fluxes 
adhering to the highest achievable standards of 
measurement archiving and uncertainty. These 
standards (McArthur, 2005; WMO, 2006) require 
that radiation variables be reported as one-minute 
values of mean, minimum, maximum and standard 
deviation with target uncertainties of less than 5 
percent or 10 Wm-2. The BSRN data, archived at 
World Radiation Monitoring Center at the Alfred 
Wegener Institute, Bremerhaven, Germany, is now 
recognized as the GCOS baseline network for surface 
radiation (GCOS, 2004). Among the more than 
40 active stations, only 15 currently also measure 
reflected radiation (Rosch, 2005) and thus provide 
data at a high temporal resolution throughout the 
day for albedo calculations. While these spatially-
limited BSRN tower sites provide the highest-quality 
measurements available of radiation at the surface, 
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the network needs to be expanded and adequately 
supported to achieve a more representative global 
coverage (GCOS, 2004a). 

In addition to the BRSN, and national 
programmes that contribute to BSRN, such as 
NOAA SURFRAD and DOE Atmospheric Radiation 
Measurement (ARM) efforts, other terrestrial 
research networks include appropriate tower sites 
with the necessary infrastructure (e.g. human 
maintenance, radiation instrument availability, site 
accessibility, and power needs) to measure radiation 
variables for albedo calculations. The challenges in 
these cases are to encourage the use of best practice 
measurement, calibration and archive protocols as 
epitomized by BSRN, and provide timely access (Baret 
et al., 2005). In addition to radiation measurements, 
vital atmospheric state measurements needed to 
correlate surface and satellite-based quantities 
are also collected at many of these sites as part of 
regional or global meteorological or atmospheric 
networks contributing to the WMO/GAW- Global 
Atmospheric Watch (such as the Aerosol Robotic 
NETwork - AERONET). However, many such 
atmospheric, flux, and ecological research networks 
are part of national research programmes without 
the guaranteed and adequate funding necessary for 
long-term measurements.

Thus, while these surface measurements are 
currently insufficient to systematically validate 
remote sensing products in a global sense, they do 
complement a range of scientific efforts aiming at 
comparing and benchmarking the various albedo 
products currently being generated. Pursuing these 
activities will be essential to ensure the quality and 
reliability of future products, as a step towards more 
accurate and consistent albedo information for the 
global landmass and the development of associated 
standards.

3.2 Remotely Sensed Observations

Albedo and reflectance anisotropy products with 
spatial resolutions of 250 m to 20 km and temporal 
frequencies of daily to monthly are now routinely 
derived from sensors on polar orbiting satellites 
such as MODIS (Gao et al., 2005; Schaaf et al., 2002; 
Lucht et al.,2000), MISR (Martonchik et al., 2002; 
Martonchik et al., 1998a;b), CERES (Rutan et al., 2006), 
POLDER (Leroy et al., 1997; Hautecoeur and Leroy, 
1998; Bicheron and Leroy, 2000; Maignan et al., 2004; 
Bacour and Breon, 2005) and MERIS (J.-P. Muller, 2008) 
and from geostationary satellites such as Meteosat 
(Pinty et al., 2000a;b; Govaerts et al., 2004; 2006), 
and MSG (van Leeuwen and Roujean, 2002; Geiger et 
al., 2005).

To estimate surface albedo on the basis of 
remotely sensed data, reflectance measurements 
must be interpreted with the help of radiation 
transfer models that can help retrieve the desired 
variables from the actual observations (GCOS, 2006). 
Most satellite algorithms rely on multiple cloud-
free atmospherically-corrected directional satellite 
observations to first determine an appropriate bi-
directional reflectance distribution function (BRDF) 
model of the surface. The model is then angularly 
integrated to determine the reflected shortwave 
flux. Because most sensors do not collect multiple 
observations of a target in a single pass, data from 
multiple orbits or acquisition times may be used, and 
varying atmospheric and irradiance effects must 
be reconciled. Estimates of instantaneous blue-sky 
albedo can then be reconstructed from the gridded 
measurements of the directional hemispherical 
reflectance factor, the bi-hemispherical reflectance 
factor and a determination of the fractions of 
incoming direct and diffuse radiation.

GCOS (2006) suggested that albedo product 
requirements may be met through a combination 
of satellite sensors, both geostationary (with wide 
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coverage and good temporal resolution) and polar 
orbiting (with uniform coverage of the globe, important 
especially for polar regions). Due to the differences in 
sensors and observation conditions (orbit geometry, 
season, geographic region, land cover characteristics), 
albedo product generation procedures tend to differ 
depending on the specific product, the data source, 
and the producing organization. For climate change 
purposes, long time series of products are especially 
important, and this inevitably imposes the necessity 
for consistency among products from satellite 
missions flown at different times (Baret et al., 2005; 
GCOS, 2004a;b; Schaaf et al., 2008; Govaerts et al., 
2008). 

While the product generation methods and 
algorithms are well documented in most cases, 
determination of their characteristics (accuracy; 
consistency over time; compatibility with the same 
or similar products from different sensors and time 
periods; etc.) is an area of active research, with plans 
formulated and some initiatives being undertaken 
(Baret et al., 2005; GCOS, 2004a;b; Pinty et al., 2004; 
Schaaf et al., 2008). The validation of satellite-
derived products for heterogeneous land surfaces 
poses special challenges because of the need to 
obtain estimates of “true” instantaneous albedo to 
be compared with satellite-derived values. Various 
upscaling methods have been utilized, ranging from 
the use of in situ measurements to the use of higher 
resolution satellite data and models (Barnsley et al., 
2002; Liang et al., 2002; Baret et al., 2005; Trishchenko 
et al., 2005). Such validation exercises and satellite 
product intercomparisons are being facilitated by 
the various space agencies and the Land Product 
Validation subgroup of the Committee on Earth 
Observing Satellites/Working Group on Calibration 
and Validation (CEOS/WGCV) to promote consensus 
procedures and standards. 

3.3 Summary of requirements and 
gaps

The WMO Guide to Meteorological Instruments 
and Methods of Observation (2006) and the BSRN 
operations manual (McArthur, 2005) serve as the 
de facto standards for terrestrial tower-based 
measurements. The frequent observations measured 
throughout the day provide shortwave albedos 
under a range of illumination geometries. However, 
the modelling community is increasingly interested 
in spectral albedo measurements (including UV and 
PAR quantities) rather than merely total shortwave 
values. Thus, in addition to a global increase in the 
number of high quality tower sites collecting and 
archiving albedo information, an increased use of 
spectral radiometers at some of these sites would 
be of great benefit for regional characterization and 
satellite product validation.  With regards to satellite-
based products, virtually all modern albedo datasets 
now include extensive quality information, access 
to the underlying spectral anisotropic reflectance 
model retrievals (the so-called BRDF models), and 
a programme of periodic archive reprocessing to 
ensure the highest quality remotely sensed products. 
However it is important to the development of long-
term climate records from multiple satellite systems 
to maintain this heritage of high calibre products as 
new satellite sensors are launched. Thus it is essential 
that critical measurements continue to be produced 
with a quality and accuracy at least equal to what 
can be currently achieved and that the long archives 
of existing remote sensing data be periodically 
reprocessed to generate continuous and stable global 
records over extended periods.  
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4. Contributing 
networks and agencies
Baseline Surface Radiation Network (BSRN)
www.bsrn.awi.de/en/home/
www.gewex.org/bsrn.html

National Oceanic and Atmospheric Administration 
(NOAA) 
Surface Radiation Network (SURFRAD)
www.srrb.noaa.gov/surfrad/

Department of Energy (DOE) Atmospheric Radiation 
Measurement (ARM) Programme
www.arm.gov/

International Regional Flux Networks 
www.fluxnet.ornl.gov/fluxnet/overview.cfm

International Long Term Ecological Research (ILTER)
www.ilternet.edu/

National Aeronautics and Space Administration 
(NASA) Aerosol Robotic Network (AERONET)
http://aeronet.gsfc.nasa.gov/

WMO Global Atmosphere Watch (GAW)
www.wmo.int/pages/prog/arep/gaw/gaw_home_
en.html

NASA Aqua
http://aqua.nasa.gov/index.php

NASA Terra
http://terra.nasa.gov/

European Space Agency (ESA) Envisat
http://envisat.esa.int/

ESA Meteosat Second Generation
www.esa.int/msg/pag0.html

European Organisation for the Exploitation of 
Meteorological Satellites (EUMETSAT) Meteosat
www.eumetsat.int/Home/index.htm

French Space Agency CNES (Centre National 
d’Etudes Spatiales) POLarization and Directionality 
of the Earth’s Reflectances (POLDER) - Polarization & 
Anisotropy of Reflectances for Atmospheric Sciences 
coupled with Observations from a Lidar( PARASOL) 
http://polder.cnes.fr/

Committee on Earth Observation Satellites/Working 
Group on Calibration and Validation/ Land Product 
Validation Subgroup (CEOS/WGCV/LPV)
http://lpvs.gsfc.nasa.gov/
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5. Available data

5.1 In situ

BSRN
www.bsrn.awi.de/en/home/

NOAA SURFRAD
www.srrb.noaa.gov/surfrad/

DOE ARM
www.archive.arm.gov/armlogin/login.jsp

CERES/ARM Validation Experiment (CAVE)
www-cave.larc.nasa.gov/cave/pages/sam.html

International Regional Flux Networks 
www.fluxnet.ornl.gov/fluxnet/overview.cfm

ILTER
www.ilternet.edu/

NASA AERONET
http://aeronet.gsfc.nasa.gov/

European Union Joint Research Center (JRC) World 
Data Centre for Aerosols
http://wdca.jrc.it/

5.2 Satellite observations

NASA Moderate resolution Imaging Spectroradiometer 
(MODIS) Albedo/BRDF
http://modis-land.gsfc.nasa.gov/brdf.htm

NASA Multi-angle Imaging SpectroRadiometer (MISR) 
Level 2 Aerosol/Surface Product: www-misr.jpl.nasa.
gov/mission/data/data.html

NASA CERES SARB
www-cave.larc.nasa.gov/cave/fsw-sfcalb/

CNES POLDER Albedo, BRDF
h t tp : //p o s tel .me dias f r ance.org /s ommaire .
php3?langue=English

ESA Medium Resolution Imaging Spectrometer 
(MERIS) Albedo
http://envisat.esa.int/level3/

EUMETSAT Meteosat
www.eumetsat.int/HOME/Main/Access_to_Data/
Meteosat_Meteorological_Products/Product_List/
SP_1125489019643

ESA/EUMETSAT MSG/Spinning Enhanced Visible and 
Infrared Imager (SEVIRI) Albedo 
http://landsaf.meteo.pt/algorithms.jsp?seltab=3

6. Other Issues
While the importance of long-term, climate-quality 
in situ data collection efforts is recognized by the 
scientific community, national and international 
funding mechanisms are not always sufficient to 
guarantee the necessary maintenance of continuous, 
long-term data records from all sites and all 
networks.   
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7. Conclusions
The BSRN measurement protocols are recognized 
as the international standard for in situ albedo 
data (WMO, 2006, McArthur, 2007) but their use 
needs to become more widespread. Additional sites, 
many already established with the appropriate 
infrastructure and located in diverse ecosystems 
worldwide, need to be both supported and encouraged 
to measure and archive these high quality spectral 
and broadband albedo quantities. The importance 
of long-term archives of terrestrial in situ radiation 
data for regional energy budget monitoring and for 
satellite product validation and comparison cannot 
be underestimated.

The retrieval of satellite albedo and anisotropic 
reflectance products continues to evolve within the 
various satellite sensor programmes. Validation, 
consistency assessments, quality evaluations, and 
the intercomparison of products must be pursued 
and supported so that standardization in the form of 
long-term climate data records can be achieved.

8. Recommendations
1.	 Expand and support long-term BSRN-calibre 

radiation measurements to achieve a more 
representative global coverage.
Official recognition of the need for long-term, high-
quality in situ radiation measurements for spectral 
and broadband albedo determination is required so 
that field measurements can be expanded to cover 
a greater diversity of land covers and ecosystems, 
both in existing radiation networks (such as BSRN) 
and in other terrestrial networks with sufficient 
pre-existing infrastructure. Such measurements 
should conform to WMO guidelines and BSRN 
measurement protocols (WMO, 2006; McArthur, 
2005).

2.	 Support the further development, validation, and 
intercomparison of satellite-derived albedo and 
reflectance anisotropy products for heterogeneous 
land surface.
Such activities should be vigorously pursued to 
maintain and improve the accuracy and quality 
of these critical geophysical quantities from 
current and future sensors and develop associated 
standards for the generation of climate quality 
records of the global landmass.

3.	 A programme of periodic archive reprocessing is 
necessary to ensure the highest quality remotely 
sensed products.
It is crucial that the highest standards be applied 
to the existing archives of remotely sensed data 
through periodic reprocessing efforts to generate 
continuous and consistent climate records over 
extended periods.
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